Using a supercontinuum pulse as a probe, we have measured the transient reflectivity spectra of a thin film of gold for different values of the pump-probe time delay. The wavelength x at which the measured transient reflectivity changes sign has been found to depend upon the time delay, leading to bipolar time resolved signals. The time dependence of x has been shown to be consistent with calculations that take into account the full dependence of the reflectivity upon the electron occupation number, and to contradict qualitatively a model in which the signal is assumed to be directly proportional to the occupation number. The shift of x has been found to persist at time delays that are much longer than the time required for the electrons to thermalize. Therefore the bipolar reflectivity signals do not necessarily contain a contribution from nonthermalized electrons, as has been previously assumed.
I. INTRODUCTION
Optical pump-probe measurements using femtosecond lasers have proven to be a very sensitive tool for the investigation of electron and spin dynamics in solids. They have been used to study many phenomena of fundamental and applied interest such as optical orientation of spin, 1 ultrafast demagnetization, 2 and ultrafast excitation of coherent phonons, 3 and magnons. 4 Their potential for materials characterization is illustrated by measurements of the electronphonon coupling constant in high T c superconductors 5 and metals, 6 hot electron linear and angular momentum relaxation times 7 and nonlinear susceptibility tensor components 8 in metals, and the spin wave mode spectrum of nanomagnets. 9 Significant efforts have been devoted recently to investigations of the kinetics of electron-electron and electronphonon thermalization in metals, deduced from measurements of the transient ͑differential͒ reflectivity and/or transmission. Often, the transient signal is analyzed by assuming that it depends linearly upon either the transient electron ͑and lattice͒ temperature, 6, 10 or the transient excess total electron energy, 11 or the transient electron occupation number. 12 However, such an assumption ͑referred to as the "linearity assumption" from hereon͒ is not self-consistent since transient reflectivity and transmission signals appear to have a different temporal shape, [13] [14] [15] [16] [17] [18] and hence cannot be both proportional to the same function of time, e.g., the transient electron temperature. As has been known since the early optical thermomodulation studies of metals, 19 rigorous analysis instead requires the transient reflectivity and transmission to be properly calculated from the dependence of the complex dielectric function upon the electron occupation number. In practice, the full calculation was normally used only for simulation, while simplified analytical "response functions" were used to fit the data, thus implicitly making the unjustified assumption of linearity ͑see for example Refs. 13, 16, and 18͒. Since the differential reflectivity and transmission in fact have a nonlinear dependence upon the probe wavelength and the electron occupation number ͑or temperature͒, conclusions reached using the linearity assumption now appear unreliable.
In this paper, we report optical pump and supercontinuum-probe 12, 18, [20] [21] [22] [23] measurements of the transient reflectivity response of a thin film of gold over a wide spectral range. In the wavelength domain, we observe that the point at which the transient reflectivity spectra cross zero shifts with the time delay at which they were acquired. We show that this shift is incompatible with the arguments of Schoenlein et al. that were based upon the linearity assumption. 12 Due to the presence of the shift, time resolved signals reconstructed from the spectra become bipolar at wavelengths near the zero crossing point. Sun et al. also observed signals of similar bipolar shape, and interpreted them in terms of a short lived contribution from nonthermalized electrons. 13 We show that the shift is observed even for time delays as long as 10 ps, by which time the electron population is generally believed to have thermalized, and so the hot electron contribution to the transient reflectivity response of metals may be less significant than concluded by Sun et al. To further illustrate that the simplified analyzes based upon the linearity assumption are not self-consistent, we fit our time resolved signals to a solution of the modified two temperature model and show that the values of the fit parameters, that are expected to characterize the electron population as a whole, appear to be wavelength dependent. This emphasizes once again that a proper description of the temperature dependence of the metallic reflectivity may be essential for a correct interpretation of the experiments.
Due to its well-known optical properties, 19, 24 gold has been the metal most widely studied in optical pump-probe measurements. A correct understanding of its transient reflectivity provides a basis for the understanding and quantification of experiments on other metals. Hence the sample of choice for our study was a ͑28.10± 0.03͒ nm thick gold film with ͑1.30± 0.01͒ nm roughness, magnetron sputtered on to a Si wafer substrate. The film was chosen to be thin enough to reduce the electron heat transport in the direction perpendicular to its surface, while thick enough to minimize the effect of the substrate upon the measured reflectivity. To ensure the latter, experiments were performed on gold films of greater thickness. These yielded very similar results and so this additional data has not been included within the present paper.
II. THEORY
Generally, absorption of a pump pulse does not directly affect the lattice, but leads to the creation of a nonequilibrium population of hot electrons. The scattering among the hot electron population as well as from the phonons, defects, etc., results in the creation of the equilibrium electron distribution described by the Fermi-Dirac function
where is the electron energy, T e is the electron temperature, F is the Fermi energy, and k B is the Boltzmann constant. At moderate temperatures, the Fermi energy varies with temperature as
where F0 is the Fermi energy at absolute zero temperature. When the electrons have thermalized, the electron temperature can still be higher than that of the lattice. The main postulate of the two temperature model 25 is that the lattice and electron populations are well characterized by their respective temperatures which equalize with rate proportional to the electron-phonon coupling constant. The modified two temperature model takes into account the process of electron thermalization by assuming that the electrons may be divided into two subsystems one of which is in local thermal equilibrium while the other is not. The details of the nonequilibrium state are neglected, and both subsystems are characterized by the amount of excess energy that they possess relative to the unperturbed state. The excess energy of the thermalized electron subsystem is equal to the product of the excess electron temperature ⌬T e and the electron heat capacitance C e , which is in turn proportional to the electron temperature T e = T 0 + ⌬T e , where T 0 is the ambient ͑unper-turbed͒ temperature. The time dependence of the excess energy of the nonequilibrium electrons may be represented as a convolution of the pump pulse intensity envelope and the product of an exponential factor, with effective thermalization time th , and the Heaviside function
where A 0 is the absorbed pump pulse energy per unit excited volume, is the full width at half maximum of the pump pulse, and t 0 is its time of arrival. 26 Since the measured film is thin compared to the ballistic electron range, 15, 16 and because the pump spot size is much greater than the film thickness, the transient temperature gradients are small and so we can neglect heat transport. The modified two temperature model equations can then be written as
where G is the electron-phonon coupling constant and C l is the heat capacity of the lattice. In the general case, these equations can be solved numerically. As shown in the Appendix, analytical solutions can be obtained in two limiting cases of high and low perturbation, and can then be joined together to describe the general case. The result is
where T equ and T e,max are the final electron-lattice equilibration temperature and the maximum electron temperature, respectively. This equation describes an initial linear decay of the transient temperature in the high perturbation limit, 16 and an exponential decay at longer time delays corresponding to the low perturbation limit. It may be used to fit the decay of the transient reflectivity signal once additional assumptions are made to relate the signal to the electron temperature.
III. EXPERIMENT
Due to the finite absorption, the dielectric function of a metal is complex. In order to directly determine its real and imaginary parts, one can simultaneously measure the reflectivity and transmission of the sample, [13] [14] [15] [16] [17] [18] [19] if it is thin enough and deposited upon a transparent substrate. Since the real and imaginary parts of the dielectric function are related via Kramers-Kronig relations, each of them can be reconstructed from the other if the latter is measured over a sufficiently broad spectral range. The same is true regarding the transient reflectivity and transmissivity. Moreover, both are determined by the same single real function ͑the electron occupation number͒, or even by the same single real constant ͑elec-tron temperature͒, if the electrons have thermalized. This means that in a time resolved experiment it is sufficient to measure either reflectivity or transmissivity, if the goal is to study electron dynamics rather than to check the KramersKronig relations.
In our measurements we used the frequency doubled output of a Ti:Sapphire regenerative amplifier producing 200 fs pulses at a repetition rate of 1 kHz and wavelength of 800 nm. The beam was then split to generate pump and probe parts. The 400 nm pump pulse was generated through frequency doubling of the fundamental and had energy of 2 J. The other part of the fundamental was used to form a white light continuum ͑"supercontinuum"͒ in a 1 cm water cell. Both beams were p-polarized and focused onto the sample surface to give 200 m and 400 m diameter spots, for the probe and pump, respectively. The spots were carefully overlapped, while being viewed with a CCD camera. The angles of incidence of the pump and probe beams at the sample were 35°and 30°, respectively. The pump beam was passed through a delay line and reflected from an optogalvanic mirror just before the sample. The mirror was flipped between two positions so that every second pump pulse was deviated from the sample. The white probe beam was reflected from the sample and dispersed by a grating so that the different spectral components could be detected separately by a linear array detector. Signals with pump on and off were subtracted, normalized, and averaged over a time interval of 10 s. The water cell introduced a chirp within the probe pulse so that red light was delayed by about 2 ps with respect to the blue. Hence, we do not consider the delayed onset of reflectivity signals in different spectral regions but are concerned only with the intrinsic time scales for each component. The signal at different time delays was acquired in a random order to remove any slowly varying background.
IV. RESULTS AND DISCUSSION
The reflectivity spectra acquired at different time delays and the supercontinuum spectrum are shown in Fig. 1 . For very short wavelengths ͑about 400 nm͒ the probe was too weak to produce meaningful results, while at very long wavelengths it was so strong that the detectors in the array were saturated. Hence, we will not consider the signal in these latter regions. At negative time delays, the signal vanishes over the entire spectral range as expected. At zero time delay, the signal appears first in the blue region and spans the entire range after approximately 2 ps. At later time delays, the shape of the signal is bipolar with a zero crossing wavelength x of about 510 nm.
Schoenlein et al. made a similar observation and interpreted it in terms of the transient temperature induced change of the Fermi-Dirac distribution ͑1͒, although with a temperature independent Fermi energy. 12 In their model, the zero crossing corresponds to the electron energy x ͑relative to the top edge of the d band͒ at which the Fermi-Dirac distribution is unchanged by the optical excitation
If the Fermi energy F is constant, Eq. ͑7͒ can be satisfied only when x is constant and equal to F . However, our data show that the value of x does not remain the same with changing time delay ͑and hence temperature͒, as shown in the inset of Fig. 1 . As the electron temperature decreases at longer time delays, the value of x decreases. Upon closer inspection, the same trend may be observed in the data of Schoenlein et al.
12 Surprisingly, if the temperature dependence of the Fermi energy ͑2͒ is taken into account, the zero crossing energy defined by Eq. ͑7͒ is
͑8͒
and decreases as the electron temperature decreases. This shows that the transient reflectivity signal cannot be assumed proportional to the electron occupation number. Let us now demonstrate that the assumption of proportionality between the transient reflectivity and the transient electron temperature is also inaccurate. By averaging the signal over wavelength ranges of a few tens of nanometers we were able to construct time resolved reflectivity signals for different wavelengths, which are shown in Fig. 2 . While the shift in the onset of the signals is due to the chirp of the probe pulse introduced by the water cell, their temporal shape also changes with the probe wavelength. In particular, the signal changes sign at a wavelength of 513 nm. The decaying part of the signals was fitted to Eq. ͑6͒, assuming first that the transient reflectivity is proportional to the electron temperature, and second a value of 71 J m 3 K 2 for the constant A e . 16 The fitted curves are shown in Fig. 3 . The fitting allowed us to extract values for the electron-phonon coupling constant and the electron-phonon equilibration temperature. The extracted electron-phonon coupling constant values are plotted against wavelength in Fig. 4 . Although the error bars are in some cases quite large, the values are seen to depend upon the probe wavelength. Similarly strong wavelength dependence was observed in the values obtained for the electron-phonon equilibration temperature ͑not shown͒. At the same time, the electron-phonon coupling constant and the electron-phonon equilibration temperature are not expected to depend upon the wavelength. This shows that the transient reflectivity signal cannot be assumed to be proportional to the electron temperature, and that without a proper model for the reflectivity function of the sample, the relaxation times extracted from this kind of measurement cannot be reliably interpreted, particularly in the vicinity of the interband transition.
Let us consider more closely the bipolar signal observed at the probe wavelength of 513 nm. In Ref. 13, Sun et al. observed reflectivity signals from gold that changed sign in a way similar to that shown in Fig. 2 . In their analysis, they assumed proportionality between the transient reflectivity on one hand, and the transient temperature and the number of nonthermalized electrons on the other. The sign change observed in their time resolved signals was then attributed to the competition between two contributions that are characterized by different relaxation times. Sun et al. did not measure the transient reflectivity spectra at different time delays, and hence did not observe the evolution of the zero crossing. However, they calculated the transient reflectivity spectra for different time delays, including the contribution from the nonthermalized electrons. Hohlfeld et al. calculated the spectra of the reflectivity change corresponding to various temperature changes, assuming that the electrons are completely thermalized. 15, 16 The spectra calculated both by Sun et al. and by Hohlfeld et al. were similar to each other and to those measured in the present paper, and showed a similar shift of the zero crossing point. In light of this similarity, we suggest that nonthermalized electrons may not be responsible for the observation of bipolar time resolved signals, which originate instead from the inherent spectral dependence of the complex dielectric function and reflectivity. This conclusion is supported by our data showing that the shift of the zero crossing point persists at time delays longer than 10 ps, by which time the electron population has thermalized.
V. SUMMARY
We have measured the transient reflectivity response of a thin film of gold. Using a supercontinuum pulse as a probe, we have been able to record transient reflectivity spectra over a wavelength range of about 300 nm for each value of the time delay. The wavelength at which the measured reflectivity changed sign has been found to depend upon the time delay, leading to bipolar time resolved signals. The wavelength dependence has been shown to contradict the simple model from Ref. 12, in which the signal was assumed to be proportional to the electron occupation number. At the same time, the spectra are qualitatively similar to those obtained from calculations that take into account the correct dependence of the reflectivity upon the dielectric function, and of the dielectric function upon the electron occupation number. 13, 15, 16 Qualitatively, the shapes of the spectra do not seem to allow one to judge whether electrons are thermalized or not. Nevertheless, the quantitative analysis of our data has revealed that the shift of the zero crossing wavelength persists at time delays that are much longer than the time required for electrons to thermalize. This suggests that the bipolar reflectivity signals do not necessary imply a contribution from nonthermalized electrons, as has been assumed previously.
An analytical solution of the modified two temperature model equations has been used to extract the value of the electron-phonon coupling constant as function of the probe wavelength. The variation of the extracted values with wavelength confirmed that the interpretation of the transient reflectivity measurements may be unreliable unless a proper model for the dependence of the reflectivity upon the electron temperature is used.
T e ͑x,t͒ Ϸ T equ + A 0 q C l + C e exp͑− ␥͑t − t 0 ͒͒, ͑A8͒
where the final electron-lattice equilibration temperature is given by
By comparing these two expressions, it is easy to construct a function that approaches ͑A6͒ at short time delays, where the excess electron temperature is very high and the temperature dependence of the electron heat capacitance cannot be neglected, but which also has the correct behavior, described by ͑A1͒, at longer time delays where the low perturbation solution is a good approximation. This may be done by substituting T equ for T 0 , and the relaxation rate 
